We have developed a new technique, photothermal displacement spectroscopy, for studying the optical and thermal properties of surfaces.
and is generally assumed to be free-electron like and structureless.
Therefore, structure in the kinetic energy and momentum distribution of the electrons relative to the photon energy is assumed to be indicative of the surface density of states near the fermi level.
Currently, there is considerably more photoemission data on the occupied states of semiconductor surfaces {1] than on the unoccupied states [2] as ARPES is an older technique than KRIPES. Even when more KRIPES data are available, it may be difficult to reference an absolute energy difference between the occupied and unoccupied levels. Also, since ARPES leaves a positively charged surface atom and KRIPES a negatively charged atom, these levels may be different than those in the neutral atom which can be probed by optical spectroscopy. Direct A major problem with obtaining optical information about a surface is separating the surface information from the large background due to the bulk contribution. In the visible and infrared portions of the spectrum, photon energies are not sufficient to excite electrons above the vacuum level, so the short mean free path of electrons in solids cannot be exploited for surface sensitivity as in ultraviolet and x-ray photoemission spectroscopies. We have recently developed a new technique, photothermal displacement spectroscopy [3] , [4] , which can differentiate between optical absorption occurring near the surface and absorption which is uniform throughout the sample. It is also much less sensitive to the non-absorptive dielectric properties of the sample than are traditional reflection spectroscopies. Photothermal displacement spectroscopy yields a signal which is directly proportional to the opti-.
cal cross section and is easily implemented in ultrahigh vacuum.
II. EXPERIMENTAL CONFIGURATION
Photothermal displacement spectroscopy is based on optical detection of the thermal expansion of a sample as it is heated by absorption of electromagnetic radiation. Details of the experimental configuration are shown in Fig. 1 . An optical absorption spectrum is generated as an intensity modulated, tunable light beam (pump beam) is focussed onto the sample, and, depending on the optical cross section, some fraction of the radiation is absorbed.
As the excited electrons decay nonradiat.ively, the sample is heated. The illuminated surface is then displaced as the sample expands. A probe beam reflected from the surface is deflected by the slope of the surface displacement (see Fig. lb ).
This deflection is measured by a position sensitive photodiode whose output is then amplified by a phase sensitive lock-in amplifier refer-· enced to the pump beam modulation. Thermal information can be obtained by measuring the shape and phase of the photothermal displacement relative to the illumination as a function of the modulation frequency [4] . (2) where A is the thermal diffusivity and f is the modulation frequency of the heat source and hence of the thermal wave. The thermal length characterizes the distance in the sample which can contribute to the surface displacement at a given modulation frequency both radially along the surface and vertically into the sample.
The volume which is heated by the absorbed radiation depends both on the absorption length --whether the absorption occurs at the surface There is one further dependence of the displacement of the frequency which is common to both surface and bulk absorptions. The energy which is deposited per cycle is the product of the absorbed power and the time that the beam is incident on the sample. It is thus inversely 
It is thus possible to enhance to ratio of surface to bulk contributions of the signal by increasing the modulation frequency.
The dependence of the slope of the photothermal surface displacement on frequency differs from that of the height of the displacement, since the shape of the displacement also changes with frequency. A distinction between the surface and bulk signal dependence on frequency is still present, however, in a measurement of the slope. One consequence of the difference between this simple argument for the height of the displacement and the actual solution for the slope is that the regime where Lth<w 0 cannot be used reliably to separate surface and bulk contributions to the signal by varying the frequency.
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The shape of the photothermal surface displacement is different for surface and bulk absorptions. There is also a difference in the behavior of the phase of the displacement relative to the modulation of the pump beam. When the sample is heated via a uniform optical absorption and w 0 >>Lth' thermal diffusion is negligible and the displacement lags about 90° behind the pump beam modulation. This is expected as being the time integral (sin w t) of the optical heating (cos w t).
If the sample is heated by a surface absorption, heat diffuses into the sample at a rate proportional to the gradient of the temperature, and the peak surface displacement occurs at a phase lag of about 45°. Near the center of the beam in both the surface and bulk cases there is some structure in the phase due to the Gaussian shape of the laser heating, which causes radial temperature gradients that vary with position.
If W 0 <<Lth and the sample is both optically and thermally thin, thermal diffusion is primarily radial, and the phase of the displacement varies with position along the surface as approximately one radian/Lth• If the sample is optically and thermally thick, the thermal diffusion is primarily hemispherical, and the phase changes at a rate of about 27°/Lth along the surface. This is approximately half of the value for radial diffusion. Away from these asymptotic limits there is more structure in the phase, but there is always a difference in the behavior of surface and bulk absorptions at any given ratio of w 0 , Lth' and the sample thickness. It is necessary to solve the thermoelastic equations using the appropriate experimental conditions to interpret data taken in these intermediate regimes.
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The difference between radial and hemispherical heat flow also causes a change in the shape of the photothermal surface displacement.
The slope of a displacement caused by surface heating decays more quickly with radial position than that caused by uniform bulk heating.
This occurs because the effective expansion length decreases with radial distance from the pump beam when there is hemispherical heat flow, but remains constant with radial heat flow. The slope is also enhanced by this change in shape, and the beam deflection signal is larger for surface absorptions than for an equivalent bulk absorption. This is demonstrated in the following section.
. .
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IV. EXPERIMENTAL RESULTS: SURFACE AND BULK INFORMATION
The ability of photothermal displacement spectroscopy to distinguish between surface and bulk absorptions on the same sample is demonstrated in figure 2 . A SO i gold film was evaporated on didymium glass •
In the wavelength region investigated, about 1/4 of the incident light is absorbed by the Au film; didymium glass has a strong absorption band with a peak value of 6.4 cm-1 (see Fig. 2b ). For the Au coated didymium glass, the photothermal signal is the sum of the structureless surface (thin film) absorption due to the gold and the peaked substrate absorption. As the frequency is increased by a factor of 25, the signal due to the Au (in the region < 730 run, e.g., all the signal is due to the bine to make it more difficult to separate the bulk and surface contributions of the Au/glass system than in a homogeneous, high thermal diffusivity system. Thus the ability to distinguish the surface and bulk contributions in the case we present here assures the ability to distinguish them when studying semiconductor surfaces.
In photothermal displacement spectroscopy, the ability to separate the surface absorption from the background is independent of the two lineshapes, especially if a subtraction is performed as in reflection spectroscopy. We investigated weakly absorbing thin dye films deposited on a variety on glass filters with different absorptive properties. The subtracted spectra of before and after the application of the dye were all similar, independent of the frequency of modulation or whether the signal from the glass substrate was larger or smaller than the signal from the dye. . .
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